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IONIC CLUSTER MASS SPECTROMETRY. 1. DETECTION AND
IDENTIFICATION OF AIRBORNE ORGANIC VAPORS AND

ESTABLISHMENT OF OPERATIONAL MECHANISMS IN
THE IONIZATION DETECTOR SYSTEM

1. INTRODUCTION.

The study of proton ion/dipole clusters in the gas phasel 4 has been extended in
connection with the search for new concepts in chemical agent (and other atmospheric
contaminants) detection. The result has been an analytical technique called Ionic Cluster Mass
Spectrometry (ICMS). 5 ICMS is akin to the technique of chemical ionization (CI) mass
spectrometry in that both concepts rely upon the mass analysis of ions that are products of
ion-molecule reactions occurring in a reactant gas in the ion source. At atmospheric pressur, in
the ion source the technique has been termed Atmospheric Pressure Ionization (API) Mass
Srpectrometry. 6 Users of API must take care to insure that the ion source is as free as possible of
water vapor which will interfere with the ionization of the ultratrace amounts of samples tc be
analyzed. ICMS employs moist air as the reactant gas at ion source pressures of 10 mml-Ig to
I atmosphclre. The sample may be introduced into a clean, moist airstream or the sample plus
reactant gas may constitute ambient atmosphere. Sample/reactant gas ratios may be as low as
5 mole parts in 1010.

During the study to date of ICMS no fragmentation of sample molecules has been
observed, only increases in sample mass by protonation and hydration. Since only cluster ions
are observed the term ICMS is more descriptive of this mass-spectrometric-analysis technique,

Mechanisms, rate coonstants, and entlhalpies of formation for ion clusters Hl+ (0`10))1

(derived from ion molecule reactions initiated by the primary ions N+ and 0+) have been
established where the primary ionization source has been electron irradiation,?t7 . in flowing
afterglow experiments,9 and in corona discharges.5 , 0, 1 For the ICNMS technique, the hydrated
"proton species serve as precursors for clusters 11+ (1li,0)(A)m which represent tile qualitative
and quantitative indicators of the trace compound A. The mechanism of formation of
l4+ (l11,0)n(A)n, is not dependent upon the method of formation of primary ions, ie, electron
impact (EI) or electrical disharges. The sensitivity of the technique is, however, dependent upon
the rate of formation of the printary ions, the water vapor concentration, and the pressure of the
reactant gas. A corona discllarge was selected for nmost of this work because it is an extremely
intense source of primary ions. A tritium • source proved to be a much imlore stable source of
ions.

Some of the results of the ICMS studies have been applied to the establishment of
the response Ieechanaiisnms in the Ionization I)etector System (IDS) now under development for
the Aniny and the Air Force. The basic field unit. as it exists to date, has been developed by
Minneapolis Honeywell, lic. The mnechanisnm by which the IDS selectively responds to chemical
agents in the atmosphere has not been fully understood. The construction details, sensitivity, and
specificity of the system have been given in a contractor report., 3

• ,• • "•' :• •• - " ... .. • - • "" "•1111.1].. .. • :"U A...•7



IL. EXPERIMENTAL.

Figure 1 is a diagram of the ICMIS apparatus. Ions produced in a corona discharge or
as a result of ion-molecule reactions (formed at room temeprature, -25 0CQ diffuse through a
pinhole into a vacuum chamber where they are focused into a quadrupole mass spectrometer. Ion
detection is accomplished with an electron multiplier coupled to a high-speed picoammeter or
electrometer amplifier.
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klisIppea-aiwce of ionlik Sp)CCIes 0! Interest. Analytical data is obtained vwhen (lie source pressure i!s
held constlan anld tilL' sam plc Concentrat ion is N aria hic.

A sketch kit' . dctoct ion cell in t he IDtS inI tho conCigu rat ton used in this work is,
shown III figure 2. Thec systecm operates at ati mosp hcric pressure. Air, hea ted to 600C ( the normial

opra ig cmca tu re ot ti'I1S) i pdt ough 'h ciat anly desired flow ratc. The' Cell

is placed inl a small ovecn so that (10'C is maintained throughout ticclt, [1w'L Theirstrcanil passos
ok 1r a I -(uric ýi-solurc (titaniumin ti'itidc coated foil). The primary ions, N, 0" and 0".1rC
formIled near thle ýi-sokrcc by electronl impact or cekctroll attaclnw'nt. A sequenwce ofiot'oec
ead'tlions follows and equ ihbri-iil i amongr ionlic cluster% is raplidly establishe'd. 11w' num lure ol, air.

.and ions thenl tiows through a series oit baftles to a F~araday In Cp ionl Collector. olle en d oit tihe
Faraday Cu p is .1 grid to allow thle air, ito flow through. Thie p*souive wh idl iý ill elct rical Contact
with tile center mlani fold stud canl he biased cithe li' ositively. negzatively , Or malintainced at zci 0
potential Witlli respect to the c:ollector. The ionl curlrents arc mleasured With a picoamm[le ter.
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1'mix c ~oiiccltratioiis of, saliples aire prepared Ini a eoutllniuos flow systeill Iy %osing
air didutioli ofi vapof tirni, th1v %xltiploiilIlk kit' illtcvvst.



Ill. RESULTS AND DISCUSSION.

A. Ionic Mass Spectrometry.

Specific ion species indicated in an ionic cluster mass spectrum of dimethyl
ntethylphosphonate are given iii the table below.

Identification of tMMP Spectral Elements

lol 11/c 1/2:I (%)

|1(H2,0)3 55 2.5

H*(Ht0)4 73 8.0

H+WO 5  91 7.0

H+ 0-1(0) 6  109 1.5

' ~it+(DMMP) 1.15 1I

S(1-, 0.)7  127 1.0

li+(DMMP) (tt 0 ) 143 14.1

H•'(DMMP) (fl0)2 161 8.5

WIt(DMMP)Y 249 43.2

Other 3.1.

.This spocrun was taken using air as the reactant gas at a sol, e pmSur of 140 mllg,.i-. 11IMMP) =" 0,0 piln, atld 111.,0) - 100 Iplmh As can, be wn1 ill tile table, inmlicato'rs- he trace
S~cointlound appear at W/e of' [MW +I + tlSIM, e,g.. Ii+OIMMP ,)(II0 , andb at talc of

nIM0W) +! 1, O-g,, II+ tDMMPn, where n is I or 2,A cluster ,motaipiilg a s aigle organi.mnot, cidl
: * ~~is r~efemd to as a nmononmer or hydrated 01onomerif if" it conaIWSins ae; WhO.¢ustW• Woltainini . - .

two orgaotic molecules arm called dintrs.

Ions that appear under tile category "other" its- th table ollstittie backgr(mtld and
call bI attributed to cdusters form!ed with methanol and aceton1e .•olvents uIsed in ecloming thie
apparatus. colmsquteuly, ito fragollfnait ions need or cani be u tied |t )he sW t '1.elnts. "

Figures 3 alid 4 illustrate tile iiornalize.d ion intensities ver,•ss iei-re -o)f I)MMPand dinmethyl sull'mide (DMSO) systenms in the perIilent high-pressure regionsCon'eittr.ins of

DMM1P and DMSO are approxiumately t(ie same:(O,6 and 0.7ppii restpelively) avid (iti.l1
"100 ppm. It will be noted that indicators of DMMP appear at low, r prewures than tIhoste or

I.'
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I NIS() anid Ill.t ah ~te, of Iriiatitui of, 11+ IMSO), aml 11+ 1 MSO) arc ubout the same.
Withlout "idei i iegLeto)h 101v cotrary, the mechanismi ot' t'ornatioti of' ion clusters~ for both MI)M 1
alld I)MSOi) Mklas lekl 1o ble theC sam.owever, for ion clusters f'ormed from I)MMP, fihe
Iornia1,1iol otit the protoli-dtmer has predlominance over fihe f'ormation oh' the proton-monome1sr,
while Cor I)MS() these two reactions have a purity inl their probability oh occurreticc.

DMMP C30CH

{. ~~~O - tMP&4O

1)NIMP ~ 1 \rOs trePirIx

40 W 8 10 1,. 14 6

DMSO

CH SCH~

A1A

0

Figure 4. Ftaoiioal iotn Intviisitijs ill

MIO eiu ssw



Dipole moments for DMIMPI 3 and DMSOI 4 are respectively 3.02 and 3.96 Debye
units- whereas their polarizabilities, computed from refractive indices, are 10.6 A3 and 7.9 A3 .
An explanation for tile apparent greater stability and case of formation of clusters containing
DMMP compared to DMSO may Ixb interpreted as a greater influence of polarizability over dipole
moment. However, the refractive indices and densities of the two substances are such that the
difference in their polarizabilities is primarily a function of their molecular weights.
Consequently, while dipole moment and polarizability certainly influence cluster formation, it is
assumed that the greater number of vibrational degrees of' freedom resident in tile l)MMI3

molecule impart a larger stability to its clusters when compared to those of l)MSO. This
indicates, that within certain unspecified limits. the larger a dipolar molecule the more stable and
readily formed will b, its ion clusters.

The quantification of the ICNIS technique and its sensitivity with respect to trace
atmosphenc impurities is determined by studying ion cluster formation as a function of the
impurity coicentration at constant pressiure. Figure 5 illustrates the dependence of various ionic
cluster concentrations upon )NINIP at 140 mnhlg. The plotted points indicate experimental data
and the smooth curves represent the results of numerically fitting kinetic equations to the dala.
For the curve-fitting pr,.edure, several reaction Illechattists were considered. The mIechanism
resulting if) the •,est fit k slightly different front oinle previously proposed5 but, nevertheless, is
Consistent with the qualitative predictions that can b. drawn from figures 3 and 4. This
mec'hanism and calculated rate constants are given below.

lf(l1O_) + I)NmmN WNINIIMMP) (1lO) + 0r-l tl[O0)

k = 1.85 X 10"8 cm 3seC tI

IIN'INII)flqfllt) ÷ I)NIP ..... lllM)NINII), + II.O

k 4.01 X 10"8 catilwscC

i ~ ~kI -1.77 X 10-"13¢13€

Lt - 7.4 X 10 '2-5 /i -l clJ• , "

Tile average deviation of lthe calculated poinits l'rt~l exivrimcnilal data is 1.. •,

12
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At concen tratitons itwii thelt, lthisiOld SenlSitiVity thet illit~lI'tOIN Ot tile ti1tie ililitipiI I t's
arte I I "(A) 01,0 ), Mielei A is lnitimpurity mtoloculhe. At hit thei cit fnIrtonaew lppn t. i't
ionlic lustet, 11tm spectrum Consists only ill' thlt ionic clusti IN W(iA) ,Where n1 is utiataly I andi

* 'The lest sensitivity thal t'hs beent ollserved, to dali it v O-S pilb kil dilsopitillyl

H. lonlililationl letector. Syste'm,

It is now Well uIi udes-tood that thet Itairte %'arriiets ill tonldld tlt, atl or itar
pttIhorikc pressurv, 111V Ill thlt lorinl oit niole clusters, it iardless kit thle sollive olt primtiv

ionlicat ion. It is, theretore, evideni that responlses ill Ott, ID lv care~used by diallgs ill densiies
o ton 11ic Clustetss t\ Ii nt ftlcionl tit raice filtnpit'ly vconeIt I'Iiolt itnas all flows thrItig t'ltI he dtect io
kckl (i tiu r 2) Hihe tureinvi dhaitges usually applearl ats increases (increaIse Ill positlive iton clustet.

oneni Ito)Whet n "ki ipuikrity is introduceod into it cleanl Imoist MIaivsramu.

Bioth posit ive and negiat ive prunarvy ions are' formied Ill thet ý; soM Ve w~ioll oit thlt
d~eteco 'eil Coll rid a woith neli uitrall tu1olecuks it, lotni positively anld nega I tiv 'aged clusters
Inl (the, alsence of*a nopei im puli tw tilthe positive clustes aite II 1'(l I.,0) aitd thie nutt glvik'
luslters are' pt ima1rily 0'110 11 UIt n~I nder these conlditionlS. MNti positv dlvi'lster thanl lie~at ye

lusit,~ teach thle collector pet ultit tle. The nti result is at positive currentl Itteasuirel at thle

Whenl 11n1putlit ies ate prevsent InI theil t t' lit, liktons bet wee'n thelttut m toletules and
tithe hsrati' chislers resuilt inl hie r,11eplaeilt tit' o Water tin thet chistet s by thie intpu n tytý Ihei
dlustets thuls produocei atv higer Inl silo' aitdl, IlresuilaI'ly, mlore St able,

At tti 'vgheimtitg oft a series tit pamattiett11ic stuielis ott thet lIDS, timjuklt.tts "mititi'

thet %wivt, imet eases Inl the itet piositlivi iluStrcitee tn in atb tleollectot Sotwilk coittpo11itud
showed Anl utem ease Ill the t1t ktegatt vi hill "lurri't (examinles ate Ilost cliilti coltpouititiks) anld
milltti Showed nlo change inl Coll "atwtm t

1 s anltitatkl kit' lite' espouises ill lil holntologokis series of pt ittm alcholt"ols utt lt I
111moliglt it huts Iil showeid t hat thet tat gel tile 1tpttrits, Ilitolecle. the lalgole thle tell espouses It
\ita lsoAM ntetid Ilit ht ii g cttcit kttots ofinmottid causo'd Ito tell to-potisi Atmitmtitta is Wiowut

* ~ ~ tto react voikt W'iell to foltil tnuttnlae toll aweltste anmd the chistet siwi dusti itnto.' Is.
essi'itttallt tIre satuti' as thlat Withi %%Ill\ watet pliseutt. The colit'elustons iltawit I' out these'

* ~ ~ ~ a (ie samot t ) likte laigot ut1olecule's toritl ilgotl cltitt'iv andk (11) siltet latgel clustevs It1.1w
a m~~iuall dthltimstoi velocities, flitottal to, tlte flow sliut'ahitnhus they have it giviltet Iltoittttalit\ kit

surmvtitg the flow tigiott Andl ttitasitig litw eihleor curivil.

thec~'ilstotsdet it i'd l0o1m the ttlahlativt he t atou eiv le tettd by liteasult iuip
the iespoutse ofltike ID)S toituniatt 11ttis h tis several hotutologoils moties oftitui' 111tmt1\
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Primnary alcohlols (mlethanlol through ni-pentanol) were studied at concentrations of
25 ,m 50 pipm. At vaclh concentration the order of response wasnpnail -uao

> n-propanol > ethaniol > mlethanlol, Ani ICMS analysis of methanol, ethaniol, and n-propianol,
each at a concentration ot 25 ppml in air, shows that the alcohols readily react to fonm ionic
clusters ll+(ROIIl),1 (H20)j11 and that the average mass of' the clusters increases with increasing
mlolecular weight.

A series of' CW agetit simlllanits (phlosphonate esters) was studied as ffinctions of'
concentration and flow rate. The series consisted of dilsopropyl me thylplltosph onate (MW 1 80),
diethyl etIhylphosphonate (MW 10(6). diniethyl methylphosphonate (MW 124), and dimethyl
hy droge tpliosphon ate (MW 110). The results for DlMlP and DMMP are Showni ill figure (I. The

other meber-s of thle series werve left out for the sake of clarity. As canl be seen, thle responise
increases to saturationl With concentration. At any given concentration and flow rate. the response
due to 1)IMP > DEEiP> DMMP > l)MI1,

201 ngm DIMP -

OMMPM--

N2 0

w

3 4

CONCENTRATION (ppm)

1Ulix.u (I. His Respotise Versus Vonlceittrallon at Several Flow Rates



Three amnines were tested quantitatively and the same W havior was noted; namely.
the response of dlisopropyl amine > diethyl amnino »> ammonia.

The IDS response shows different response characteristics to acids. At low
* concentrations the respon~se decreases (increases negatively) markedly. As concentration is

increased further the response passes through a mininurn and then increases toward saturation.
The negative ion clusters are formned faster at lower concentrations and tend toward saturation
sooner than the positive ions. The magnitude of responses (both positive and negative) due to
the acids studied is butyric acid > acetic acid.

All of the quantitative work done so far shows that, within a homologous secries, the
larger molecules result in larger ion cluster,- and procedure greater ID)S responses. Thus, the
quantitative studies seem to verify that the size of' the ionic clusters, therefore, diffusion, plays a
predominant role in the IDS response mechanism.

D.lif'fusion Studies.

The effect otf cluster size canl hie demonstrated by studying thle ll)S response to
water vapor at various airflow rates. The positive I+, negative 1', ion currents (+ and - 200 volts
source bias) were measured as at tfunction oif flowv rate, Q. uip to about 8.5 k/min. T'he
relationship between I and Q was empirically found to be

K-3/

InI the vicinity of the source of ionlilztionl thle Concentrations of positive and
negative ions is dependent uponl temperature, pressure. and P1-sou rce activity. I'these pa ramewters
are hield constant so thait the ion density in the ion source region is constant, Tlhe ion loss
mlechanisml inl this region of thle detector is primarily meomlbinlatioll whicht reduces both~ positive
and negativi: itin concentrations by the same amount.

To a first approximiation the cell geometry is considered as a straight Cylindrical
tube of volume V (tile Cffective internal Volume of thle bafflle section of thle cell) and radtius I.

-half thle average spacing oft thle various coniponients of the baffle section). A certain number oft
ions1 per unit arva.~ NO is initrodluced into thle baffle section. Only radial diftimsion is considered
sin1ce axial diffumsion tdoes not resutlt in a loss of, ions. The one dimlenlsionaul diffulsionl equation
With tilt. approxinmation for smaldl distance is

wilere

nt~x.t) the ion commcentrati,)i at at radial distauve x froin the tube, axis at
thime t after the initial introdumction of' tons.

1) the diffumsion covifficient.



An ion is considered to lie lost and theref'ore not able to reach the ion Collector' whenl it hais
diffuased through thle distanlce, r (dthe radius oif the approximating tubv). The oion concentration at
the collector end of the tube is theni given by

Integration of tile above along the radial distance of' diffiasion provides the itnitber of ions, per
unit area at the collector.

Nod No I'

The equality of ratio's (or ionis vior unit area, N, and ion concentration, it, can Ie made

0 0

wheret~e

I1 I

17~b



the time, t, is the residence time of particles in the tube and is V/Q. Substituting for t, the
positive or negative ion current at the collector is

no r q Q3/2

Thus, the average ionic diffusivity can be determined from the slope. K of a plot of I versus
Q3/2. In a typical IDS cell, r 0.038 cm and V = 0.19 cm3 . Dimensions of the ion source region
are such that recombination of positive and negative ions is an efficient mechanism for ion loss
when ion concentrations are greater than 1.5X 107ion/cm3 ; below this concentration
recombination is unimportant. Therefore, the value chosen for no is 1.5 X 107 ions/cm3 for both
positive and negative ions.

Then,

2K .w

wher D { 2~ l 1.61 10-23
where

I is measured in amperes and Q in R/min.

Figure 7 represents the results of diffusion studies (I versus Q312 ) for moist air. At
low humidity, separate and distinct curves are obtained for positive and negative ions. This
indicates that the negative Ions are smaller than the positive ions. When the humidity is
increased, ionic diffusivity decreases (larger ions are forned), and the curves coincide; oppositely
charged ions are essentially the same size. The values of diffusivitles calculated from these data
agree very well, considering the complexity of the acutal cell geometry, with typical ion
diffusivitles (0.06 cn 2 /sec) reported in the literature,1 6 and are summarized below.

Relative humidity (250 C) D+ (cm"/sec) .. (c. ./sC)

15% 0.075 0.094

63% 0.052 0.052

92% 0.030 0.030

The observed decrease In D with humidity is consistent with the well-known| fact that the
average size of hydrated-ion clusters increases with [11,01.
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IV. SUMMARY.

A. Ionic Cluster Mass Spectrometr.

Irrespective of the subtle aspects associated with ion cluster stability, the fact

remains that the techniques producing them offers an opportunity for application to tile

detection and analysis of trace compounds in the gas phase. The ability to use atmospheric gases
as reactants considerably extends the practical applicability of this technique. Its incorporation

with gas chromatographic analysis of trace compounds (where N2 is a common carrier gas) has
many possibilities. Several features that enhance its general attractiveness are: (1) the absence of

a spectrum complicated with fragment ions, (2) high mass peaks directly related to the molecular

weight of the compounds, and (3) sensitivity well below the ppm concentration range.

B. Ionization Detector System.

It has been shown that the charge carriers in the IDS are ionic clusters of water and
trace gas molecules. The ability to use such a system as a detector of trace atmospheric

impurities is obtained from the facts that: (1) ion clusters are readily fornmed in moist air,

(2) the presence of trace impurities tends to form larger, more stable clusters, rapidly, and

(3) the smaller diffusivities of the large ionic clusters provide a means of separating the clusters

according to size.

Although the IDS responds (with varying sensitivity) to many compounds it is
essentially nonresponsive to "normal" atmospheric pollutants (e.g., NOx, SO,, HS, etc.) and
other compounds of low molecular weight. Therefore, interferences from these substances and
others likely to be found in a realistic environment of its intended use are minimal, Whatever
inadequacies such a system suffers in its lack of specificity for detection are made up in its
inherent sensitivity and its simplicity.
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